In this review article, Mn applications have been divided into three parts. We provide an overview of recent progress in developing Mn 4+ doped red phosphors for promising application in warm white light-emitting diodes. In addition, we summarize reports on Mn 2+ co-doped Eu 2+ or Ce 3+ phosphors that can produce white light with outstanding color rendering index (CRI) and color coordinates via energy transfer processes, and report the application of Mn 2+ in green to NIR phosphors.
Introduction
The valence electron conguration of transition metal elements is (n À 1)d [1] [2] [3] [4] [5] [6] [7] [8] ns [1] [2] , with the common characteristic that the d orbitals are not full. Since the energy of the (n À 1)d orbital is similar to that of the ns orbital, and the d electrons can completely or partially participate, there are no signicant changes in the chemical properties from le to right in the same cycle. In addition, the transition metal elements can lose s electrons as well as d electrons; hence, the same element has a variety of valence states. Mn 2+ and Mn 4+ ions are commonly used as light-emitting centers. Nowadays, phosphor-converted white light emitting diodes (pc-WLEDs) based solid-state lighting has received much attention, due to the characteristics of high efficiency, high power efficiency, low applied voltage, reliability, long operation life and environmental friendliness, compared to other traditional lighting technologies, such as incandescent, halogen, xenon and uorescent lamps. [1] [2] [3] [4] [5] In order to obtain highly efficient WLED devices, several aspects should be taken into account and optimized, including semiconducting components, phosphors and packaging technologies. Phosphors are indispensable components of pc-WLED devices, which can decide the color rendering index, correlated color temperature, rated average life and luminous ux. One method for obtaining these materials is to combine yellow-emitting phosphors with highly efficient (Ga,In)N blue LEDS. For blue chips, Y 3 Al 5 O 12 :Ce 3+ (YAG:Ce) is the commonly used phosphor; however, due to the lack of the red component of YAG:Ce phosphor, this approach has a poor color rendering index and a high correlated color temperature, which cannot fulll the requirements for general illumination.
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According to Blasse . 16 Mn 2+ is inuenced by the crystal eld, and hence it can easily change luminescence from green to deep red and even near-infrared (NIR). Because the near infrared light has the advantages of large penetration depth, less interference, etc., it has become an important topic in the eld of optical ber communication, solid state lasers, light emitting markers and uorescence immunoassays. The applications of Mn ion doped phosphors are shown in Fig. 1 .
Application of Mn 4+

Introduction to red phosphors
To date, the most practical phosphor is the blue LED chip excited YAG:Ce 3+ . In order to get white-light emission and a high CRI, improvements must be made by adding a high efficiency red emitting phosphor to the system to solve the problem of the lack of a red component; hence, several red phosphors have been developed. Red uorescent powder can be divided into three categories: linear emission red phosphor excited by rare earth ions, broadband emission red phosphor excited by rare earth ions, and red phosphor excited by transition metals. With their own characteristics, excellent red phosphors can be obtained by a combination of these. Linear-emission phosphors excited by the rare ions Eu 3+ and Sm 3+ have pure color and high luminous efficiency; however, there is no wide excitation spectrum in the blue and UV regions, which results in a lower luminous efficiency. It is feasible to broaden the excitation spectrum and improve the luminous efficiency, although the effect is not ideal, but this limits the practical application of linear phosphors. Therefore, the application of red emitting Sm 3+ or Eu 3+ ions doped phosphors is limited in the present W-LEDs, due to their sharp absorption peaks in the blue and UV region. In order to create a warm WLED, the development of efficient red phosphors is necessary. The new phosphors are mainly based on rare earth-doped schemes, such as Eu 2+ -doped nitrides, aluminates, oxynitrides and aluminosilicates. Among them, oxynitrides and nitrides have been the subject of maximal studies, due to their excellent performances, e.g., chemical stability and high thermostability; however, these materials must be synthesized at high temperatures and pressures. The strict preparation conditions and high price of raw materials lead to this phosphor being quite expensive. In addition, the reabsorption of the coexistent green emission of WLEDS is not avoided for Eu 2+ -doped red phosphors with blue absorption. 18 
Luminescence properties of transition metal ions
Transition metal ions have unlled d orbitals, with the electronic conguration of 3d n (0 < n < 10). The Hamilton operator is as follows:
where H 0 includes the kinetic energy of electrons and the Coulomb energy of the nucleus acting on the electron. H C is the Coulomb energy between electrons, H SO is the spin-orbit coupling energy and H CF is the energy of the crystal eld. The 3d electron is in the outer layer, which is sensitive to the crystal environment; hence the H CF and the Coulomb energy between electrons (H C ) can be compared. The crystal-eld spectral term usually has two types of energy representations with weak crystal eld and strong crystal eld. We always apply the strong crystal eld to deal with problems. The rst consideration is how the d orbital is affected by the tetrahedral and octahedral crystal elds. The crystal eld causes the ve degenerate d orbitals to split into the doubly degenerate e g and triply degenerate t 2g . The distance between e g and t 2g is denoted as 10Dq, and Dq is a parameter to characterize the eld strength of the octahedral.
With the single electron orbital wave function of e g and t 2g as basic functions, considering the impact of Hc, a new intrinsic function is characterized by 2S+1 G, where S is the total spin, and there is an irreducible representation of the octahedral group of the intrinsic state. The 2S+1 G spectral term is similar to that used in the study of the free ion 2S+1 L spectra of rare earth elements.
The spin orbit interaction H S in transition metal ions is weaker than that of rare earth ions, which is usually treated by the perturbation theory and the deviation of the crystal eld in the octahedral symmetry. These interactions cause 2S+1 G to split into multiple states. The complete theoretical treatment of the transition metal ions eigenstate was given by S. Sugano and Y. Tanabe. 19 Direct coulombic interactions (H C ) dir between electrons are characterized by Racah parameters A, B, C
where the tting parameter
For the ll 0 conguration, the k in F(k) is an even number from 2 to min (2l, 2l 0 ). For transition metal ions with 3d electrons, the values can be 0, 2, 4. The relationship between Racah parameters and F(k) is as follows:
Since the A parameter only affects the energy levels, we only consider B and C. The ratio of B/C for the all the transition metal ions is almost equal to 4.5, which can be seen as approximately constant. The distance between different spectra of each ion depends on the two parameters, Dq and B. In the work of S. Sugano and Y. Tanabe, the Tanabe-Sugano (T-S) (Fig. 2 
The local crystal-eld strength Dq is determined by the mean peak energy of the Dq ¼
The 2 E g level is always lower for oxides; however, the value of B is also close to that of uorides in some special cases (Fig. 4) . What causes the condition is that the position of the 2 E g level also depends on the value of the second Racah parameter C.
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Such a distinct and explicit separation of uorides and oxides with respect to the energy position of the 2 Most phosphors applied in white LEDs are oxides, suldes or nitrides doped with rare-earth ions, which play a signicant role in controlling the color of the light. Most of these rare-earth ions are very expensive and some chloride and oxide doped rare-earth elements are toxic and harmful, which limit their [43] [44] [45] On the basis of coordination and the T-S diagram, due to weaker crystal symmetry (angular constraints) and stronger ligand eld strength (interionic distance) than that of the four/six-coordinated environments, it is feasible to speculate that the ve/seven-coordinated environments of the Mn 2+ ion are good for NIR emission generation. [46] [47] [48] [49] There is a complete list of known green to NIR persistent phosphors activated by Mn 2+ in Table 3 .
The rare-earth-free narrow-band green-emitting KAlSi 2 O 6 :-Mn 2+ phosphor has been synthesized by Ding et al. The excitation and emission spectra are shown in Fig. 9 . The ve distinct peaks of PL excitation are in good agreement with the Mn 2+ absorption transitions; specically, it can match blue GaN chips, which make its application in white LEDs possible. Moreover, a green light emission peak at 513 nm with full-width at half-maximum of 30 nm can be seen from Fig. 9 A 1g (S). An anomalous NIR emission band located at 770 nm appears when x ¼ 0.10, while at x ¼ 0.30, there is a sharp decrease due to the concentration quenching effect, where visible and NIR emission bands are featured from two different emission centers. The luminescence decay curves (Fig. 10(c) and (d)) were studied in order to obtain more insight into the active centers. The visible emission exhibited single exponential decay at a low concentration (x ¼ 0.01 and 0.05), and the decay lifetime was estimated by the following equation:
where I(t) and I 0 represent the emission intensity at time t and 0, respectively, A is a constant, and s is the decay lifetime. For Mn 2+ -heavy doping (x ¼ 0.10-0.30), the visible emission exhibited non-exponential decay behavior, probably associated with the prevailing non-radiative transition, which is expressed by the mean decay lifetime (s m ) estimated by
where I(t) is the luminescence intensity at t and I max ¼ I(0). The non-radiative loss occurring among the Mn 2+ ions as the Mn
2+
concentration increases can be demonstrated from the monotonously shortened decay lifetime of the two emission bands. To study the reason for the observed unusual NIR emission in KZn 1Àx Mn x F 3 , the crystal structure of KZnF 3 and the activation process of Mn 2+ were further analyzed. KZnF 3 has a typical cubic perovskite structure with a Pm 3m space group with its lattice constant a ¼ 0.405 nm, as shown in Fig. 10(a) phosphors are presented in Fig. 11 (a) and (b), respectively. The emission spectrum shows a broad emission band from 650 to 900 nm, with the main peak at 832 nm. The luminescence properties can be strongly affected by the crystal eld within the 3d shell with an increase in Mn 2+ concentration. The PL (l em ¼ 832 nm) intensity rapidly increases, while above this maximum intensity (0.03), a concentration quenching phenomenon occurs, as shown in Fig. 11(d) . Essentially, quenching impurities cause concentration quenching, a decline in the emission intensity, as shown in Fig. 11 . Non-radiative energy transfer, which include exchange interactions, radiation ions originates from quadrupole-quadrupole interactions. Besides, the phosphor has a good thermal stability, which expands the scope of its application. Energy transfer between ions is a rather common and very important physical phenomenon, mainly through physical processes such as collision, energy exchange, and re-absorption of radiation and radiationless transition processes, which cause the ion energy transfer to other ions. Due to the relatively rich energy levels of transition metal ions, especially in the crystals, the energy splitting is affected by the inuence of the crystal eld, thus becoming more intensive. At this point, there may be the possibility of energy differences between the two levels of the transition metal ions, equal to the difference between other ions. In order to achieve the energy transfer between ions, radiative or radiationless transition processes occur very easily under the action of multipole moments.
Radiationless transitions play a signicant role in photophysics, photobiology and photochemistry, and include internal conversion (IC) (spin-allowed process) and intersystem crossing (ISC) (spin-forbidden process). A simplied Jablonski diagram is presented in Fig. 12 , which describes the elementary processes of molecular luminescence.
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These elementary processes determine whether a molecule can be a good candidate for a dye molecule for organic solar cells or LED. Besides, there are two other signicant elementary processes described in the following:
Phonon-induced electron transfer
Phonon-induced energy transfer
All the processes involve two electronic states, i.e., they are non-adiabatic in nature. Vibrational relaxation (VR) exists in molecular luminescence as a non-radiative process, which can happen in either the ground or excited electronic states. The radiative transfer process is also called resonant transmission, if there is a near eld force interaction between the two centers and if the energy of light radiation transfer can be one atom to 10 nm, without the help of other nearest neighbor atoms. Dexter rst introduced the transfer mechanism to the energy transfer process between the centers of the luminous material, and derived a formula for the probability of resonance energy transfer between the centers. There is an assumption that emission from the ion overlaps another ion, absorbing light, so the light emitting radiation energy is absorbed by another ion, and energy transfer occurs. The former is called the energy sensitizer and the latter is called the activator. Overlap between the emission spectra of the sensitizer and the excitation spectra of the activator is a prerequisite for the occurrence of resonant transmission. Resonant transmission is a quite signicant means of energy transfer in the material activated by rare earth or transition metal elements and organic crystals. In this way, there are two centers S and A, where the center initial state is S* + A, i.e., the S center is in the excited state, the A center is in the ground state. The nal state is S + A, i.e., the S center is back to the ground state, and the A center is in the excited state. Taking S and A as the dipoles, the transition probability from the initial state to the nal state is the S, A resonance energy transfer probability P SA :
where R is the distance between the center of S and A and s * S is the measured lifetime of S* state, and the R 0 is dened as:
where h and c are the Planck constant and the velocity of light, respectively, and the K is the dielectric constant of the material. s A is the total A center absorption cross section and h S is the emission efficiency of the S center. 3 S (E) and a A (E) are the emission spectrum of S center and absorption spectrum of A centre, respectively (Fig. 13 ).
The basic properties of Mn
2+
In the last few years, non-rare earth-based eco-friendly phosphors prepared under milder conditions have received increasing interest. shows an orange to red emission, while tetrahedral . In general, the crystal eld at a tetrahedral site is weaker than that of an octahedral site. When Mn 2+ is in a weak crystal eld, the splitting of the excited energy in orbitals is small, resulting in a higher energy of Mn 2+ emission, but its energy is low. Generally, , which creates the necessary conditions for vibrational transmission, i.e., there is overlap between the emission of the activator and the excitation of the sensitizer. Meanwhile, there may be energy transfer between the sensitizer and activator. On the basis of the resonance energy transfer mechanism, the excitation energy of the sensitizer can induce the activator to emit uorescence, while the uorescence intensity decays. White light can be obtained by co- The outer electronic structure of Mn 2+ is 3d 5 , which presents typical d-d transitions when excited. Its photoluminescence range changes from 500 to 700 nm, which depends on the crystal eld environment; however the d-d transition of Mn 2+ is forbidden by the selection rules, and the luminescence is very weak since it can only be indirectly excited using sensitized ions or the substrate itself for energy transfer. A large number of ,Mn 2+ , has a good CL coefficient (K/S) relation, which was used to calculate the measured reectance (R) for NaCaBO 3 , to probe the absorption of the host lattice.
where R, K, and S represent the reectance, absorption coefficient, and scattering coefficient, respectively. Hence, the band gap of the NaCaBO 3 host was calculated to be approximately 4.48 eV by extrapolation, essentially owing to the transition between the valence band and the conduction band in this host.
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From Fig. 16 (1) and (2), it is seen that there exists a spectral overlap between the PL spectrum of NaCa 0.99 BO 3 
where L o (l) is the integrated excitation prole when the sample is diffusely illuminated by the integrated sphere's surface; L i (l) is excited by the incident beam. Furthermore, the quantum efficiency (F) of KCaY(PO 4 ) 2 :1%Eu 2+ phosphors can be calculated by
where E i (l) is the integrated luminescence of the powder upon direct excitation and E o (l) is the integrated. The internal quantum efficiency of KCaY(PO 4 ) 2 :1%Eu 2+ was found to be 35.8% and the corresponding external quantum efficiency was 21.4% at the excitation wavelength of 365 nm. Fig. 16 shows the emission spectra of KCaY(PO 4 ) 2 :1%Eu
2+
,x%Mn 2+ phosphors (x ¼ 0, 1, 2, 4, 5, 7, and 10) excited by 365 nm, and the energy transfer efficiency is shown in the inset in Fig. 18 reaching a maximum at x ¼ 7 mol%, and then decreased when x exceeded 7 mol%, due to the concentration quenching effect. It was demonstrated that the mechanism of energy transfer is an electric dipole-quadrupole interaction from sensitizer Eu 2+ to an activator Mn
. Fig. 16 provides a summary of the CIE chromaticity corresponding to the emission spectra excited by 380 nm, which indicates that changing the Mn 2+ concentration can tune the color from blue through white light and eventually to red in the visible spectral region. The electroluminescence spectrum of white LED lamps fabricated using a NUV 405 nm chip combined with a single-phase white-emitting phosphor KCaY(PO 4 ) 2 :1% Eu 2+ ,4%Mn 2+ driven by a 350 mA current is shown in Fig. 18 to affect the luminescence. Further research is being conducted on how to improve the spectral distribution of dualdoping systems, and how to meet the needs of different white phosphors.
In addition, due to the splitting of the Mn 2+ energy level, the emission spectrum can be red shied to produce deep red and near infrared light. It has been widely used in the elds of optical ber communication, solid state lasers, light emitting markers and uorescence immunoassays. 
